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To study whether low dietary magnesium (Mg) intake and serum high sensitivity C-reactive
protein (hs-CRP) predict the development of clinical knee osteoarthritis (OA).
Methods
The cohort consisted of 4,953 participants of a national health examination survey who were
free of knee and hip OA at baseline. Information on the incidence of knee OA leading to hos-
pitalization was drawn from the National Care Register for Health Care. During the follow-up
of 10 years, 123 participants developed incident knee OA. Dietary magnesium intake was
assessed on the basis of a food frequency questionnaire from the preceding year. We used
Cox’s proportional hazards model to estimate the strength of the association between the
tertiles of dietary Mg intake and incident knee OA, adjusted for baseline age, gender, energy
intake, BMI, history of physical workload, leisure time physical activity, injuries, knee com-
plaints, the use of Mg supplements, and serum hs-CRP levels.
Results
At baseline, dietary Mg intake was inversely associated with serum hs-CRP even after
adjustment for all the potential confounding factors. During the follow-up, the adjusted haz-
ard ratios (with their 95% confidence intervals) for incident knee OA in dietary Mg intake ter-
tiles were 1.00, 1.28 (0.78–2.10), and 1.38 (0.73–2.62); the p value for trend was 0.31.
Serum hs-CRP level at baseline did not predict incident knee OA.
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Rissanen H, Knekt P, Arokoski J, et al. (2019)
Dietary magnesium intake, serum high sensitivity
C-reactive protein and the risk of incident knee
osteoarthritis leading to hospitalization—A cohort
study of 4,953 Finns. PLoS ONE 14(3): e0214064.
https://doi.org/10.1371/journal.pone.0214064
Editor: Stefan Kiechl, Medizinische Universitat
Innsbruck, AUSTRIA
Received: December 19, 2018
Accepted: March 6, 2019
Published: March 25, 2019
Copyright: © 2019 Konstari et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: All reports and data
are available in THL (National Institute for Health
and Welfare, Finland) web pages. The basic study
reports are collected in a list at the following web
page: https://thl.fi/fi/tutkimus-ja-kehittaminen/
tutkimukset-ja-hankkeet/terveys-2000-2011/
julkaisut/kokoomaraportit. A description of the data
collection in English is available at: https://thl.fi/en/
web/thlfi-en/research-and-expertwork/projects-
and-programmes/health-2000-2011). For
researchers needing specified study materials,
Conclusions
The results do not support the hypothesis that low dietary Mg intake contributes to the devel-
opment of clinical knee OA, although Mg intake is inversely associated with serum hs-CRP
level.
Introduction
Knee osteoarthritis (OA) is a chronic disease that affects the knee joint and is characterized by
an imbalance between the degenerative and regenerative processes which lead to overall
degeneration and abnormal remodelation of the knee joint. It also affects joint tissues, includ-
ing cartilage, meniscus, subchondral bone, synovium, ligaments, tendons, and muscles. [1] In
Finland, 6.1% of men and 8.0% of women have been clinically diagnosed with knee OA [2]. As
knee OA is a major cause of disability in western populations and causes major socioeconomic
costs, better understanding of the pathogenesis and risk factors of OA, as well as knowledge of
preventive methods, are warranted. The current understanding supports the assumption that
knee OA pathogenesis is a combination of biomechanical and biochemical factors. The most
widely known predisposing factors for knee OA are age, female gender, high body mass index
(BMI), heavy physical workload, and previous knee injuries [1, 3–7]. Still, the pathophysiology
and etiology of knee OA remains unclear in many ways.
It has been hypothesized that chronic low-grade inflammation has a role in OA pathogene-
sis. Previous studies have found elevated serum C-reactive protein (CRP) levels in OA patients
in comparison to those among participants without OA [8]. A longitudinal study showed a sig-
nificant direct relation between serum CRP and both incident OA and OA progression [9].
However, some studies have found no association between serum CRP and prevalent, incident,
or progressive knee, hip or hand OA [10]. A recent systematic review on biomarkers for OA
also found evidence of prognostic CRP values to still be inconclusive [11].
Magnesium (Mg) is an important micronutrient for human health and is associated with
immune responses [12]. Some studies have demonstrated that low levels of dietary Mg intake
are associated with increased serum CRP/high sensitivity CRP (hs-CRP) levels [13, 14]. A
meta-analysis and systematic review [15] also indicates that dietary Mg intake is inversely asso-
ciated with serum CRP levels. Among patients with early radiographic knee OA, both dietary
and serum Mg were inversely associated with serum hs-CRP levels [16]. Only two cross-sec-
tional studies have examined the associations between dietary Mg intake and knee OA, and
both found a modest inverse association between Mg intake and radiographic knee OA [17,
18]. No prospective study has focused on the association between dietary Mg intake and inci-
dent knee OA.
We hypothesized that high dietary Mg intake through alleviating low-grade inflammation
would provide protection against knee OA. To test this hypothesis, we evaluated the cross-sec-
tional association between Mg intake and hs-CRP and studied their prediction of incident
knee OA leading to hospitalization in a cohort representative of the Finnish adult population.
Materials and methods
Study population
The present study is based on the Health 2000 Survey, which was carried out in Finland
between September 2000 and March 2001 [19]. The nationally representative population
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sample was formed using a two-stage stratified cluster sampling method of the adult popula-
tion aged 30 years and over living in mainland Finland. We regionally stratified the sample
frame according to the five university hospital regions. In the first stage of sampling, 80 health-
care districts were sampled as a cluster. In the second stage, a random sample of individuals
from each of the 80 healthcare districts, altogether 8,028 men and women, was drawn from a
nationwide population register. We excluded those who had hip or knee OA at baseline from
the study. Written informed consent was obtained from all the participants. The study was
approved by the Ethical Committee for Research in Epidemiology and Public Health at the
Hospital District of Helsinki and Uusimaa in Finland.
Of the sample, 6,354 participated in the baseline health examination and of these, 5,763
responded to the food frequency questionnaire (FFQ). Four hundred fifty had prevalent knee
OA and 247 hip OA diagnosed by a physician during the clinical examination. Of the remain-
ing 5,164 subjects, 211 had missing data in any necessary determinant. After excluding these,
the current study cohort consisted of 4,953 participants, who were followed up until December
31, 2010.
The baseline health examination
The implementation of the Health 2000 Survey, described in detail elsewhere [2, 19, 20],
involved a home interview followed by a comprehensive health examination with an interview
on joint symptoms, self-administered questionnaires, anthropometric measurements, drawing
of fasting blood samples, and a standardized clinical examination by physicians who applied
preset diagnostic criteria. The health examinations started on the 11th of September 2000 and
ended on the 2nd of March 2001.
In brief, prevalent knee OA was diagnosed if some of the following conditions were ful-
filled: 1) previous knee arthroplasty, even in the absence of convincing evidence of the diagno-
sis of knee OA, 2) typical knee OA symptoms and either of the following (even in the absence
of abnormality in physical status): history of previously diagnosed knee OA (even in the
absence of documentation); or documented knee OA diagnosis even in the absence of con-
vincing evidence of the diagnosis, or 3) limitation in joint range of motion, motion tenderness
and bony deformity suggesting knee OA, but insufficiently indicative history to enable a con-
clusive diagnosis. Prevalent hip OA was diagnosed if some of the following conditions were
fulfilled: 1) previous hip arthroplasty, even in the absence of convincing evidence of the diag-
nosis of hip OA, 2) typical hip OA symptoms and either of the following (even in the absence
of abnormality in physical status): history of previously diagnosed hip OA (even in the absence
of documentation); or documented hip OA diagnosis even in the absence of convincing evi-
dence of the diagnosis, or 3) at least slight restrictions in the range of motion, especially if com-
bined with tenderness associated with motion tenderness. A detailed description of the clinical
examination and the criteria used are provided elsewhere. [2, 19–21] Knee radiographs were
taken of a subsample of participants in the Health 2000 Survey to validate the clinical diagnosis
of knee and hip OA for the current study; the agreement between clinical and radiological
diagnosis using the Kellgren and Lawrence grading scale was moderate [22].
As described in detail earlier [20, 21], previous injury was defined as self-reported traumatic
lower limb injury or an injury of the meniscus or the cruciate ligament of the knee, diagnosed
by a clinician. All injuries sustained since the baseline examination were classified by a physi-
cian according to the International Classification of Diseases (ICD) 10th revision, on the basis
of all the information available in the medical history, the symptoms, and the physical findings
of the clinical examination. Musculoskeletal injuries were accounted for only if they had led to
permanent damage or to any continuing impairment or complaint. Knee complaint was
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defined as difficulty in walking or limping due to discomfort or trouble in the knee during the
last month. This information was elicited using a standardized interview on musculoskeletal
symptoms.
High-sensitivity C-reactive Protein (hs-CRP) was determined from frozen serum samples
in 2003 by an immunoturbidimetric test (Orion Diagnostica, Espoo, Finland) using the
Optima analyzer (Orion Diagnostica) at the Biochemistry Laboratory, National Institute for
Health and Welfare (Helsinki, Finland). The hs-CRP results were classified into three groups
as follows 1) < 1.0 mg/L, 2) 1.0–3.0 mg/L, and 3) > 3.0 mg/L according to the ACC/AHA
2014 Guideline [23]. During the course of the measurements, which lasted four months in
2003, the interassay coefficients of variation (CV%) of the CRP determinations were 6.8% (at
the mean level of 1.36 mg/L) and 3.6% (at the mean level of 3.10 mg/L) according to 150 con-
trol samples analyzed at the beginning and at the end of the daily analysis series. To ensure
standardization of measurements, the laboratory took part in External Quality Assessment
Schemes organized by Labquality (Helsinki, Finland). The systematic error (bias) (mean ± SD)
estimated was -1.3 ± 18.4%.
The home interviews have been previously described in detail [19–21, 24]. During the
home interviews we assessed the history of physical workload by eliciting how many years the
participants had been exposed in their current or past jobs to heavy physical work involving
lifting, carrying or pushing loads over 20 kg for an average of at least 10 times per working
day. The information was classified as follows: 1) 0 years, 2) 1–12 years, 3) 13–24 years, or 4)
more than 24 years. The information on leisure-time physical activity was elicited via a self-
administered questionnaire and categorized as 1) little or irregular leisure-time physical activ-
ity and 2) regular fitness training at least three hours per week or regular competitive sports
training several times per week. Weight and height were measured in the health examination
in light clothing without shoes, and body mass index (BMI, kg/m2) was calculated. Participants
were classified into four groups according to BMI: 1)< 25.0 kg/m2, 2) 25.0–29.9 kg/m2, 3)
30.0–34.9 kg/m2, and 4)> 35.0 kg/m2. [19–21, 24].
Dietary magnesium intake
Dietary Mg intake was assessed on the basis of a validated self-administered FFQ from the
preceding year tailored for this survey [25, 26]. The FFQ had previously been validated in
another Finnish survey [27]. The questionnaire listed 128 commonly used food items, mixed
dishes, and alcoholic beverages grouped as follows: dairy products, cereal products, fat
spreads, vegetables, potatoes, pasta and rice, meat, fish, poultry and eggs, fruit and berries,
desserts, sweets and snacks, and beverages. There was also space to add products that were
used but not mentioned in the questionnaire. The frequency of the foods used was assessed
on a scale of 1 to 9; 1) never or seldom, 2) 1–3 times per month, 3) once per week, 4) 2–4
times per week, 5) 5–6 times per week, 6) once per day, 7) 2–3 times per day, 8) 4–5 times per
day, and 9) 6 or more times per day. To assess portion size, example predesigned portion
sizes were printed on the questionnaire to which participants were asked to compare their
own typical portion sizes.
Average daily Mg intake was calculated using the National Finnish Food Composition
Database (Fineli) [28]. Regarding the main dietary sources of Mg, among men, 28% of dietary
Mg intake was from cereal, 18% was from dairy, 12% was from non-alcoholic drinks, 12%
was from vegetables, and 32% was from other sources with less than 10% contribution each.
Among women, 28% of dietary Mg intake was from cereal, 18% was from dairy, 13% was from
vegetables, 10% was from non-alcoholic drinks, and 31% was from other sources, with less
than 10% contribution each of the total intake [25].
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Reliability was evaluated by performing repeated FFQ five to nine months after the baseline
FFQ. The FFQ was sent to 198 study participants, of whom 184 returned the questionnaire.
The intraclass correlation coefficient for Mg intake was 0.56 among men and 0.60 among
women. Among men, the mean dietary Mg intake decreased non-significantly, from 446 mg/
day to 427 mg/day (p = 0.18), and among women, significantly, from 418 mg/day to 389 mg/
day (p = 0.01). [25] In a validation study, Mg intake based on baseline FFQ also proved satis-
factory in comparison to a three-day food record [26].
The FFQ also included questions about the regular use of supplements. The use of magne-
sium supplements was defined as a record of any single-ingredient magnesium supplement or
any combination supplement containing magnesium.
The follow-up
The follow-up information on the incidence of clinical knee OA was drawn from the National
Care Register for Health Care. All Finns have a social security number on the basis of which
their health care data are recorded in the register data. All the study participants gave their
consent for the use of their register data and therefore this study had no loss to follow-up. The
patients treated in a hospital with a diagnosis of knee OA were identified using the Interna-
tional Classification of Diseases, 10th revision (ICD-10); code M17. We decided in advance not
to distinguish primary from secondary knee OA on the basis of lacking recommendations for
the methods and reproducibility of such differentiation. The follow-up period began at the
baseline examination in 2000–2001 and continued until the first hospitalization for knee OA,
death, or the end of 2010; whichever came first.
Statistical analysis
Cross-sectional associations between baseline characteristics, including the known risk factors
for OA, hs-CRP and dietary Mg intake, were analyzed using the general linear model. Model-
adjusted means were reported in categories of the independent variables [29]. Cox’s propor-
tional hazards model was used to estimate the strength of association between tertiles of die-
tary Mg intake and the risks of developing knee OA. We constructed two main models:
adjusting for age, gender and energy intake; and a full model in which BMI, history of physical
workload, leisure time physical activity, injuries, use of Mg supplements, serum hs-CRP level
and difficulty in walking due to disorder or complaint in knees were also entered as potential
confounding factors. The factors were selected from those available on the basis of prior
assumptions of determinants of knee OA and dietary Mg intake, of which age, gender, BMI,
history of physical workload and injuries are major risk factors for knee OA [1, 7, 30].
Adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) were estimated in the mod-
el’s categories of predictors. Effect modification was studied by entering multiplicative first-
degree interaction terms of each variable and dietary Mg intake, one by one, into the full
model. We used the SAS System for Windows, version 9.1 (SAS Institute, Inc., Cary, NC) for
all the analyses.
Results
Table 1 shows the distributions of baseline characteristics and their cross-sectional associations
with dietary Mg intake. For the whole cohort, the mean intake was 432 mg/day (the lowest
value 119, lower quartile 335, median 415, upper quartile 512, the highest value 1352, SD 141
mg/day). For the study population, the mean serum hs-CRP concentration was 2.0 mg/L (the
lowest value 0, lower quartile 0.24, median 0.67, upper quartile 1.85, the highest value 191, SD
5.49 mg/L). Mean BMI was 26.6 kg/m2 (the lowest value 12.3, lower quartile 23.4, median 26.0,
Dietary Mg intake, serum hs-CRP and the risk of incident knee OA
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Table 1. Baseline characteristics and their cross-sectional associations with magnesium intake.
Factor Category Number of
subjects
Mg intake (mg/day) adjusted
for age, gender and energy
intake, meana




30–54 3309 429 140 428
55–64 862 445 139 445
65–74 530 439 150 439
75–99 252 423 162 424
p valueb < 0.0001 < 0.0001
Gender
Male 2263 422 142 422
Female 2690 441 140 441
p valueb < 0.0001 < 0.0001
BMI, kg/m2
< 25.0 1954 429 133 428
25.0–29.9 1987 433 142 433
30.0–34.9 783 436 145 438
� 35.0 229 442 176 447
p valuec 0.001 0.0001
Manual handling of
loads of > 20kg, years
0 2637 432 136 432
1–12 900 429 142 430
13–24 649 438 153 438
> 24 767 432 144 431





4035 431 140 431
Regular 918 438 143 438
p valueb 0.011 0.010
Injuries
No injury 4780 432 141 431
Previous
injury
173 431 141 438
p valueb 0.79 0.58
Hs-CRP, mg/L
< 1.0 2973 435 137 436
1.0–3.0 1214 430 144 429
> 3.0 766 427 153 422
p valuec 0.002 0.0002
Knee complaint
No 4427 432 140 432
Yes 526 436 150 435
p valueb 0.24 0.29
Use of Mg
supplements
No 4326 431 140 431
Yes 627 438 150 437
(Continued)
Dietary Mg intake, serum hs-CRP and the risk of incident knee OA
PLOS ONE | https://doi.org/10.1371/journal.pone.0214064 March 25, 2019 6 / 13
upper quartile 29.2, the highest value 53.8, SD 4.53 kg/m2). Dietary Mg intake showed statisti-
cally significant associations with age, gender, BMI, leisure time physical activity, serum hs-
CRP level, and the use of Mg supplements. When the participants with prevalent OA were
included in a corresponding analysis, the Mg intake was, adjusted for all the covariates, among
those without and with knee OA 433 mg/day and 439 mg/day (p = 0.09), respectively.
During the follow-up of 47,348 person-years, 123 new cases of knee OA emerged. The
adjusted HRs with 95% CIs for incident knee OA are shown in Table 2. After adjustment for
age, gender and energy intake, the HRs (95% CIs) for incident knee OA in tertiles of dietary
Mg intake were 1.00, 1.21 (0.74–1.99), and 1.40 (0.74–2.63); p for trend = 0.30. After excluding
participants who used Mg supplements and adjusting for all covariates, the corresponding
HRs were 1.00, 1.28 (0.78–2.10), and 1.38 (0.73–2.62); p for trend = 0.31. BMI, number of
years of handling heavy manual loads and prevalent knee complaints significantly predicted
incident knee OA leading to hospitalization.
Adjustment for only age, gender, and energy intake revealed a slight, statistically non-sig-
nificant association between higher serum hs-CRP level and incident knee OA (Table 2). This
association was attenuated after adjusting for all covariates.
We observed no significant interaction between Mg intake and CRP and other covariates.
Discussion
Our results are in contrast with the hypothesis that high dietary Mg intake provides protection
against knee OA. Moreover, serum hs-CRP did not predict incident clinical knee OA. The
inverse association between Mg intake and hs-CRP level that we found was, however, in line
with previous studies.
Two cross-sectional studies of Chinese (n = 1,626) [17] and African Americans (n = 665)
and Caucasians (n = 1,447) [18] found that low levels of dietary Mg intake increased the risk of
knee OA. Both studies used the Food Frequency Questionnaire (FFQ) to assess dietary Mg
intake. In the study by Zeng et al., the correlation coefficient between the used semi-quantita-
tive FFQ and the 24-h recall test for measuring Mg intake was 0.53. The study by Qin et al.
[18] used the validated FFQ [31]. Knee OA was diagnosed from a knee radiograph using the
Kellgren-Lawrence classification. The study by Zeng et al. [17] also assessed radiographic joint
space narrowing and osteophytes. In the study by Zeng et al. [17], the multi-variable model
was adjusted for age, BMI, gender, educational level, activity level, total energy intake, smoking
status, alcohol drinking status, fiber intake, protein intake, zinc intake, calcium intake, iron
intake, nutrient supplementation, diabetes and hypertension, whereas in the study by Qin
et al. [18], the multi-variable model was adjusted for age, gender, BMI, smoking status, alcohol
drinking, education, and total energy intake. The cross-sectional associations found between
Table 1. (Continued)
Factor Category Number of
subjects
Mg intake (mg/day) adjusted
for age, gender and energy
intake, meana
SD Mg intake (mg/day)
adjusted for all
covariates, meana
p valueb 0.033 0.046
aAdjusted mean value (general linear model),
bP value for heterogeneity,
cP value for trend.
Energy intake, mean 2294 kcal/day, SD ± 797 kcal/day, partial correlation to Mg intake as adjusted for all covariates
0.87.
https://doi.org/10.1371/journal.pone.0214064.t001
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Table 2. Hazard ratios (HRs) with their 95% confidence intervals (CIs) of incident knee osteoarthritis between
categories of various factors.
Factor Category All Cases HR (95% CI), adjusted for age,
gender and energy intake
HR (95% CI), adjusted
for all covariates
Age
30–54 3309 72 1 1
55–64 862 27 1.49 (0.96–2.32) 1.08 (0.68–1.72)
65–74 530 18 1.72 (1.03–2.88) 1.27 (0.74–2.17)
75–99 252 6 1.37 (0.59–3.16) 1.06 (0.45–2.50)
p valuea 0.12 0.87
Gender
Male 2263 51 1 1
Female 2690 72 1.20 (0.83–1.72) 1.26 (0.86–1.84)
p valuea 0.32 0.23
BMI, kg/m2
< 25.0 1954 26 1 1
25.0–29.9 1987 53 1.99 (1.24–3.19) 1.90 (1.17–3.07)
30.0–34.9 783 32 3.02 (1.79–5.10) 2.84 (1.64–4.90)
� 35.0 229 12 3.80 (1.91–7.55) 3.37 (1.62–7.02)
p valueb < 0.0001 < 0.0001
Manual handling of loads
of > 20kg, years
0 2637 50 1 1
1–12 900 21 1.26 (0.76–2.11) 1.18 (0.71–1.97)
13–24 649 22 1.88 (1.12–2.12) 1.71 (1.03–2.85)
> 24 767 30 2.04 (1.26–3.31) 1.80 (1.12–2.92)





4035 98 1 1
Regular 918 25 1.17 (0.75–1.82) 1.31 (0.84–2.06)
p valuea 0.49 0.25
Injury
No injury 4780 116 1 1
Previous
injury
173 7 1.76 (0.82–3.78) 1.45 (0.67–3.12)
p valuea 0.18 0.37
Hs-CRP, mg/L
< 1.0 2973 64 1 1
1.0–3.0 1214 37 1.35 (0.90–2.03) 1.05 (0.69–1.61)
> 3.0 766 22 1.31 (0.80–2.13) 0.96 (0.57–1.62)
p valuea 0.29 0.95
Knee complaint
No 4427 96 1 1
Yes 526 27 2.33 (1.51–3.58) 2.03 (1.31–3.15)
p valuea 0.0004 0.003
Use of Mg supplements
No 4326 102 1 1
Yes 627 21 1.36 (0.85–2.19) 1.46 (0.91–2.36)
p valuea 0.22 0.13
(Continued)
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dietary Mg intake and knee OA may indicate consequences of knee OA rather than any causal
chains to its development. No prospective study has previously focused on the association
between dietary Mg intake and incident knee OA.
The hypothesis that low dietary Mg intake contributes to the development of knee OA is
biologically plausible. The most widely accepted theory of the pathological pathway is that it is
through low-grade systemic inflammation, which has been suggested to play a role in OA.
Serum hs-CRP is considered the most sensitive biomarker for low-grade systemic inflamma-
tion. Elevated serum hs-CRP has predicted cartilage loss associated with OA, as well as poorer
outcomes after total knee joint replacement in several studies [32–34]. However, a recent sys-
tematic review on biomarkers for OA found that the evidence of a prognostic value of CRP on
OA is still inconclusive [11]. There is also evidence that Mg may have direct effects on cartilage
tissue by inhibiting chondrocalcinosis on the chondrogenic differentiation of mesenchymal
stem cells, and on chondrocyte differentiation and viability at intracellular level. However, the
intracellular pathway remains unclear [35].
Some studies, including a meta-analysis and systematic review, indicate that dietary Mg
intake is inversely associated with serum CRP/hs-CRP levels [13–15]. Animal studies have
reported elevated levels of pro-inflammatory cytokines (such as interleukin-6, tumor necrosis
factor alpha), which have been suggested to be potential components of pain, in Mg-deficient
animals [36, 37]. In addition, plasma substance P–a known cytokine production stimulator–
has been detected in Mg deficiency [38], as has immune cell activation [39]. Even though evi-
dence seems to exist of a relation between Mg deficiency and the inflammatory/immune
response, the underlying process for the activation of inflammatory mechanisms remains
unknown. In our study, serum hs-CRP levels did not predict the risk of incident knee OA lead-
ing to hospitalization.
We found that dietary Mg intake was related to the analyzed risk factors of knee OA, except
for age and previous injuries. We also found that those with a lower dietary Mg intake had sig-
nificantly higher serum hs-CRP concentrations than those with a higher dietary Mg intake.
The association was even stronger after adjustment for all covariates than after adjustment for
age, gender and energy intake only. This may be partly due to the interference of BMI, which
is closely related to serum CRP level [40]. In all, our study substantially adds to previous evi-
dence that low dietary Mg intake contributes to serum hs-CRP levels.
Table 2. (Continued)
Factor Category All Cases HR (95% CI), adjusted for age,
gender and energy intake
HR (95% CI), adjusted
for all covariates
Energy intake, kcal/dayc
4953 123 1.13 (0.96–1.34) 1.01 (0.78–1.29)
p valueb 0.15 0.96
Magnesium intake, mg/
day
< 362 1644 33 1 1
362–474 1653 41 1.21 (0.74–1.99) 1.28 (0.78–2.10)
> 474 1656 49 1.40 (0.74–2.63) 1.38 (0.73–2.62)
p valueb 0.30 0.31
ap value for heterogeneity,
bp value for trend,
cHR per one SD: 797.
https://doi.org/10.1371/journal.pone.0214064.t002
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The main strengths of our study were its prospective design and the large nationally repre-
sentative and well-characterized population sample. The reliability of the diagnoses of knee
and hip OA at baseline, and the agreement between clinical and radiological diagnoses proved
to be acceptable in the quality control trials carried out as part of field examinations [21, 22,
41]. Furthermore, we had access to information on the major risk factors of OA at baseline.
However, although the detailed data on multiple OA risk factors allow adjustment for potential
confounders, we cannot rule out the possibility of residual confounding.
The relatively wide confidence intervals of the risk estimates resulting from weak statistical
power constitute the most severe limitation of our study. Another limitation of the study is
that the follow-up covered knee OA cases admitted to a hospital, but only a part of all patients
suffering from knee OA are ever hospitalized. The Finnish public health care system is of high
quality and equally available to all Finns. Most knee OA patients are primarily diagnosed in
out-patient clinics or occupational health care. Plain radiographs are a standard examination
when knee OA is suspected [42] and the American College of Rheumatology clinical/radio-
graphic criteria [43] are also recommended by the Finnish Current Care Guidelines for estab-
lishing a knee OA diagnosis [44]. Patients with diagnostic challenges and symptoms severe
enough (and concordant with imaging findings) to consider operative treatment are mainly
referred to specialists in public hospitals. Those who are hospitalized may not be representative
of all people who develop knee OA. Moreover, we were unable to take into consideration the
comorbidities of the study participants, which may have affected their eligibility for arthro-
plasty. We were also unable to distinguish primary from secondary knee OA at follow-up. This
was dealt with by taking injuries into account in the data analysis. Our cohort consisted of 70
participants with baseline rheumatoid arthritis and none of these developed incident knee OA.
Therefore, it was not possible to control the effect of baseline rheumatoid arthritis on the
results using a statistical model. Furthermore, we cannot rule out that some of the participants
may have had early knee OA which was missed by the physicians in the baseline survey.
The availability of only questionnaire-based information on dietary Mg intake may present
another limitation to our study. The over- and underreporting of foods may affect the calcu-
lated dietary Mg intake, and may thus also affect the correlations between the studied variables
by causing information bias [45, 46]. Age, gender and obesity have been associated with a
higher rate of energy intake underreporting [47–50]. In the Health 2000 survey, dietary Mg
intake in FFQ has, however, shown to be sufficiently repeatable and representative of actual
food records [26, 27]. Another limitation of the study is the small number of participants with
low dietary Mg intake levels, which is probably explained by the high standard of living and
good nutrition level in Finland.
In conclusion, the current study suggests that low dietary intake of Mg or elevated serum
hs-CRP levels do not predict incident clinical knee OA, although Mg intake is inversely associ-
ated with serum hs-CRP. Earlier controversial results may be due to cross-sectional study
designs or divergent associations between major OA risk factors and serum hs-CRP levels and
dietary Mg intake.
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Rissanen, Paul Knekt, Jari Arokoski, Jouko Sundvall, Jaro Karppinen.
References
1. Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG, Jordan JM et al. Osteoarthritis: new
insights. Part 1: the disease and its risk factors. Ann Intern Med. 2000 Oct 17; 133(8):635–46. PMID:
11033593
2. Kaila-Kangas L, editor. Musculoskeletal disorders and diseases in Finland. Publications of the National
Public Health Institute, Helsinki, Finland. 2007B; 25. http://www.julkari.fi/bitstream/handle/10024/
78197/2007b25.pdf?sequence=1&isAllowed=y
3. Zheng H and Chen C. Body mass index and risk of knee osteoarthritis: systematic review and meta-
analysis of prospective studies. BMJ Open. 2015 Dec 11; 5(12):e007568. https://doi.org/10.1136/
bmjopen-2014-007568 PMID: 26656979
4. Ezzat AM and Li LC. Occupational physical loading tasks and knee osteoarthritis: a review of the evi-
dence. Physiother Can. 2014 Winter; 66(1):91–107. https://doi.org/10.3138/ptc.2012-45BC PMID:
24719516
5. Richmond SA, Fukuchi RK, Ezzat A, Schneider K, Schneider G, Emery CA. Are joint injury, sport activ-
ity, physical activity, obesity, or occupational activities predictors for osteoarthritis? A systematic review.
J Orthop Sports Phys Ther. 2013 Aug; 43(8):515–B19. https://doi.org/10.2519/jospt.2013.4796 PMID:
23756344
6. McWilliams DF, Leeb BF, Muthuri SG, Doherty M, Zhang W. Occupational risk factors for osteoarthritis
of the knee: a meta-analysis. Osteoarthritis Cartilage. 2011 Jul; 19(7):829–39. https://doi.org/10.1016/j.
joca.2011.02.016 PMID: 21382500
7. Blagojevic M, Jinks C, Jeffery A, Jordan KP. Risk factors for onset of osteoarthritis of the knee in older
adults: a systematic review and meta-analysis. Osteoarthritis Cartilage. 2010 Jan; 18(1):24–33. https://
doi.org/10.1016/j.joca.2009.08.010 PMID: 19751691
8. Bonnet CS, Walsh DA. Osteoarthritis, angiogenesis and inflammation. Rheumatology (Oxford). 2005
Jan; 44(1):7–16.
9. Hosnijeh FS, Siebuhr AS, Uitterlinden AG, Oei EHG, Hofman A, Karsdal MAet al. Association between
biomarkers of tissue inflammation and progression of osteoarthritis: evidence from the Rotterdam study
cohort. Arthritis Res Ther. 2016 Apr 1; 18:81. https://doi.org/10.1186/s13075-016-0976-3 PMID:
27039382
10. Kerkhof HJ, Bierma-Zeinstra SM, Castano-Betancourt MC, de Maat MP, Hofman A, Pols HA, et al.
Serum C reactive protein levels and genetic variation in the CRP gene are not associated with the prev-
alence, incidence or progression of osteoarthritis independent of body mass index. Ann Rheum Dis.
2010 Nov; 69(11):1976–82. https://doi.org/10.1136/ard.2009.125260 PMID: 20511616
11. Hosnijeh FS, Runhaar J, van Meurs JB, Bierma-Zeinstra SM. Biomarkers for osteoarthritis: Can they be
used for risk assessment? A systematic review. Maturitas. 2015 Sep; 82(1):36–49. https://doi.org/10.
1016/j.maturitas.2015.04.004 PMID: 25963100
Dietary Mg intake, serum hs-CRP and the risk of incident knee OA
PLOS ONE | https://doi.org/10.1371/journal.pone.0214064 March 25, 2019 11 / 13
12. Tam M, Gomez S, Gonzalez-Gross M, Marcos A. Possible roles of magnesium on the immune sys-
tem. Eur J Clin Nutr. 2003 Oct; 57(10):1193–7. https://doi.org/10.1038/sj.ejcn.1601689 PMID:
14506478
13. King DE, Mainous AG 3rd, Geesey ME, Woolson RF. Dietary magnesium and C-reactive protein levels.
J Am Coll Nutr. 2005 Jun; 24(3):166–71. PMID: 15930481
14. Song Y, Ridker PM, Manson JE, Cook NR, Buring JE, Liu S. Magnesium intake, C-reactive protein, and
the prevalence of metabolic syndrome in middle-aged and older U.S. women. Diabetes Care. 2005 Jun;
28(6):1438–44. PMID: 15920065
15. Dibaba DT, Xun P, He K. Dietary magnesium intake is inversely associated with serum C-reactive pro-
tein levels: meta-analysis and systematic review. Eur J Clin Nutr. 2014 Apr; 68(4):510–6. https://doi.
org/10.1038/ejcn.2014.7 PMID: 24518747
16. Li H, Zeng C, Wei J, Yang T, Gao SG, Luo W et al. Associations of dietary and serum magnesium with
serum high-sensitivity C-reactive protein in early radiographic knee osteoarthritis patients. Mod Rheu-
matol. 2016 Jul; 20(4):1–6.
17. Zeng C, Li H, Yang T, Deng ZH, Yang Y, Zhang Y, et al. Association between dietary magnesium intake
and radiographic knee osteoarthritis. PLoS One. 2015 May 26; 10(5):e0127666. https://doi.org/10.
1371/journal.pone.0127666 PMID: 26010333
18. Qin B, Shi X, Samai PS, Renner JB, Jordan JM, He K. Association of dietary magnesium intake with
radiographic knee osteoarthritis: results from a population-based study. Arthritis Care Res. 2012 Sep;
64(9):1306–11.
19. Heistaro S, editor. Methodology report. The Health 2000 Survey. Publications of the National Public
Health Institute: Results of the Health 2000 Survey, Helsinki, Finland. 2008B;26. http://www.julkari.fi/
bitstream/handle/10024/78185/2008b26.pdf?sequence=1&isAllowed=y
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30. Toivanen AT, Heliövaara M, Impivaara O, Arokoski JP, Knekt P, Lauren H, et al. Obesity, physically
demanding work and traumatic knee injury are major risk factors for knee osteoarthritis—a population-
based study with a follow-up of 22 years. Rheumatology (Oxford). 2010 Feb; 49(2):308–14.
31. Block G, Hartman AM, Naughton D. A reduced dietary questionnaire: development and validation. Epi-
demiology. 1990 Jan; 1(1):58–64. PMID: 2081241
Dietary Mg intake, serum hs-CRP and the risk of incident knee OA
PLOS ONE | https://doi.org/10.1371/journal.pone.0214064 March 25, 2019 12 / 13
32. Smith JW, Martins TB, Gopez E, Johnson T, Hill HR, Rosenberg TD. Significance of C-reactive protein
in osteoarthritis and total knee arthroplasty outcomes. Ther Adv Musculoskelet Dis. 2012 Oct; 4
(5):315–25. https://doi.org/10.1177/1759720X12455959 PMID: 23024709
33. Pelletier JP, Raynauld JP, Caron J, Mineau F, Abram F, Dorais M, et al. Decrease in serum level of
matrix metalloproteinases is predictive of the disease-modifying effect of osteoarthritis drugs assessed
by quantitative MRI in patients with knee osteoarthritis. Ann Rheum Dis. 2010 Dec; 69(12):2095–101.
https://doi.org/10.1136/ard.2009.122002 PMID: 20570834
34. Sharif M, Shepstone L, Elson CJ, Dieppe PA, Kirwan JR. Increased serum C reactive protein may
reflect events that precede radiographic progression in osteoarthritis of the knee. Ann Rheum Dis. 2000
Jan; 59(1):71–4. PMID: 10627432
35. Yifeng Z, Jiankun X, Ling Q, Qing J. Magnesium and osteoarthritis: from a new perspective. Ann Joint.
2016 Dec; 1:29.
36. Malpuech-Brugère, Nowacki W, Daveau M, Gueux E, Linard C, Rock E, et al. Inflammatory response
following acute magnesium deficiency in the rat. Biochim Biophys Acta. 2000 Jun 15; 1501(2–3):91–8.
PMID: 10838183
37. Weglicki WB, Dickens BF, Wagner TL, Chmielinska JJ, Phillips TM. Immunoregulation by neuropep-
tides in magnesium deficiency ex vivo effect of enhanced substance P production on circulating T lym-
phocytes from magnesium-deficient mice. Magnes Res. 1996 Mar; 9(1):3–11. PMID: 8819089
38. Weglicki WB, Phillips TM. Pathobiology of magnesium deficiency: a cytokine/neurogenic inflammation
hypothesis. Am J Physiol. 1992 Sep; 263(3 Pt 2):R734–7. https://doi.org/10.1152/ajpregu.1992.263.3.
R734 PMID: 1384353
39. Mak IT, Dickens BF, Komarov AM, Wagner TL, Phillips TM, Weglicki WB. Activation of the neutrophil
and loss of plasma glutathione during Mg-deficiency-modulation by nitric oxide synthase inhibition. Mol
Cell Biochem. 1997 Nov; 176(1–2):35–9. PMID: 9406142
40. Choi J, Joseph L, Pilote L. Obesity and C-reactive protein in various populations: a systematic review
and meta-analysis. Obes Rev. 2013 Mar; 14(3):232–44. https://doi.org/10.1111/obr.12003 PMID:
23171381
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